We report on the various types of Peierls like two dimensional structural modulations and relative phase stability of 2H and 1T poly-types in MoS 2 -ReS 2 and WS 2 -ReS 2 alloy system. Theoretical calculation predicts a polytype phase transition cross over at ~50 at.% of Mo and W in ReS 2 in both monolayer and bulk form, respectively. Experimentally, two different types of structural modulations at 50% and a modulation corresponding to trimerization at 75% alloy composition is observed for MoS 2 -ReS 2 and only one type of modulation is observed at 50% WS 2 -ReS 2 alloy system. The 50% alloy system is found to be a suitable monolithic candidate for metal semiconductor transition with minute external perturbation.
Introduction
Atomically thin transition metal dichalcogenides (TMDs) is considered to be the next generation platform for future electronics and offers numerous novel device applications based on its unique excitons, spin, and valley properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The most explored members in the family i.e. MoS 2 and WS 2 posses direct band gap in the monolayer form but undergoes transition to undesirable indirect band gap material for number of layers two and more [5] .
The stable crystal structure of MoS 2 and WS 2 is 2H (space group 194: P6 3 /mmc) with a direct band gap of 1.88 and 1.9 eV, respectively for the monolayer. On the other hand for ReS 2 , the band gap remains direct even in the bulk form due to weak interlayer van der Waals and electronic coupling [11] . The stable crystal structure of ReS 2 is 2D-Peierls distorted 1T d (space group 2: 1 ) where chains made of Re 4 clusters form the quasi two dimensional superstructure with a band gap of 1.55 eV for the monolayer. The metastable unmodulated 1T phase of MoS 2 is demanding due to its metallicity which is indispensable for carrier transport, injection and in the modulated 1T d form shows excellent hydrogen evolution activity (HER) [12] . The most stable configuration in the modulated 1T form of MoS 2 and WS 2 is 2a×a superstructure as in the case of ReS 2 [13] [14] [15] . These superstructures reported to have band gap of 0.1-0.2 eV and 0.14 eV, for MoS 2 and WS 2 , respectively [14, 15] . Throughout the text '1T d ' is used to represent the chains like superstructure in all cases. 3 As already mentioned above, the 1T and modulated 1T d poly-type forms of both MoS 2 and WS 2 are metastable. However, due to their useful properties various attempts have been made to stabilize these poly-type structural forms [16] [17] [18] [19] . Most of the reports are based on intercalation method using alkali metals e.g., Li, and K where structural transitions between various poly-types take place during loading of alkali metals at the interlayer spacing with the end application as rechargeable batteries. Among various reports, Li and alkali metal intercalation was reported to stabilize the 1T d form of both MoS 2 and WS 2 through hybridization between cations forming quasi 2D chain. Li intercalation of MoS 2 powders in water formed 2a×2a superstructure as confirmed by X-ray diffraction [20] . On the other hand, K intercalation stabilizes two different form of modulated structure of MoS 2 depending on the K concentration i.e. trimerization of Mo with superstructure ( √3 × √3) (x ≈ 0. 3) and tetramerization of Mo with superstructure 2a×2a (x ≤0.3) [21] . The presence of two different superstructures in this case was confirmed by scanning tunneling microscopy (STM) technique.
Relative stability of various types of superstructure modulation in Li intercalated MoS 2 i.e. LiMoS 2 was previously investigated by first principle calculations [22] . It was found that the (2a×2a) superstructure structure formed by tetramerization of cations was more stable (by 0.5 eV) compared to trimerized ( √3 × √3) structural modulation. This opened a band gap of about 1 eV. However, later studies based on both experimentation and theory revealed that it is 2a×a type periodicity forming chains like structure the most stable modulated form of MoS 2 [13] . It was also pointed out that a charge density wave (CDW) phenomenon was at the origin of such structural modulation which was associated with a partially nested Fermi surface and the stabilization is localized around the Fermi level. The destabilization due to strain occurs mainly in the 3p S part which is compensated by electronic stabilization in the 4 3d Mo part. Though energetically least stable, however, the trimerized modulated structure was predicted to be the thinnest ferroelectric material [23] .
There is a lot of interest in the community to understand and control various structural polytypes of monolayer TMDs by different means for their efficient utilization in energy, optoelectronics, and novel devices apart from immense interest in fundamental science [3-8. After annealing at different temperature the structure does not transform to 2H phase completely and defects are believed to stabilize the residues of 1T phase.
Formation of metastable tetramer diamond unit along with zigzag chains with a new orientation formed by e -beam irradiation of zigzag 1T phase of Li intercalated WS 2 has been reported [14] . In the 1T zigzag starting phase both tetramer and triangular clusters were present. The presence of triangular cluster in K intercalated 2H-MoS 2 has already been predicted theoretically [16] and experimentally confirmed [28] . 
II. Experimental Procedures
Re 0.5 X 0.5 S 2 (X = Mo and W) alloys were synthesized following a similar synthetic procedure reported earlier for ReS 2 [30] . In short, rhenium (wire, 1.0 mm diameter, 99.97%, Alfa Aesar), molybdenum/tungsten (powder, 99.9%, Sigma Aldrich / powder, 99.8%, Sigma Aldrich) and sulfur (powder, -325 mesh, 99.5%, Alfa Aesar) were taken in the stoichiometric ratio (1:1:4) and sealed in an evacuated (10 -5 mbar pressure) quartz tube. The tube was then heated to 200 °C at the rate of 10 °C/h followed by annealing at that temperature for 2 h in order to avoid any possible explosion due to the high vapor pressure of sulfur. Next, the temperature was raised to 900 °C at a rate of 20 °C/h and annealed for 120 h after which the furnace was shut down and the sample was allowed to cool to room temperature naturally.
The final product was fine black powder.
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All the high resolution phase contrast transmission electron microscopy (HRTEM, in ICMS, India) and Z-contrast high angle annular dark field imaging (HAADF, in KAUST, Saudi Arabia) were performed in a FEI TITAN aberration corrected 80-300 keV TEM. Powder alloy samples were sonicated for 40 minutes to exfoliate monolayer materials for TEM imaging and energy dispersive spectroscopy (EDS) analysis.
III. Theoretical Calculations
The Electronic structure calculations were performed using density functional theory (DFT)
as implemented in Wien2k code [38] . exchange-correlation functional of Perdew, Burke, and Enzerhof (PBE) [40] . The criteria of convergence for force, energy and electronic charge were set below 1 mRy/au, 0.0001 Ry and 0.001 e, respectively. The relaxed lattice parameters of MoS 2 , WS 2 , modulated ReS 2 , and all other alloy structures considered for the present calculations are shown in Table 2 (Supplementary). The muffin tin radii and RMT were chosen in such a way that they do not overlap. The K max was set at 7.00/RMT.
IV. Results and Discussion
We begin with the experimental structural description and associated superstructures observed by high resolution transmission electron microscopy in both MoS 2 -ReS 2 and WS 2 -ReS 2 alloy systems. As mentioned earlier, the most stable structure of ReS 2 is 1T d (space 
A. Alloy of MoS 2 -ReS 2 :
Three different types of structural modulations or super structures are observed in this alloy system depending on the composition. For the same 50% alloy composition, a unique structural modulation is observed in some areas particularly near the surface regions and to best of our knowledge this type of structural modulation is not known in the literature [ Fig. 2 (b) ]. Two consecutive parallel lines are marked along which modulation of cations are different i.e. one short and another large distance periodic structural modulation. This can also be thought of in terms of two independent one dimensional Peierls distorted atomic chains or 2D type with doubling the 11 edge of one side of the supercell unit. Considering all four atoms from the consecutive rows, a trapezoid like geometry can be identified or in other words the structural parameters can be described using two numbers of rhombuses and doubling the side along one direction (inset of Fig. 2(b) ). The lattice parameters are shown in the same figure. FFT also reflects the corresponding symmetry [ Fig. 2 (e In this case, a trimerized modulation is observed as shown in Fig. 2(c) . The triangles are indicated in the figure along with the schematic (inset in Fig. 2(c) ) and the length of the edges is equal to each other and is 3. The observation of stable trimer modulation is significant in the sense that such a structure was predicted to be the thinnest ferroelectric in the case of MoS 2 [23] . The present alloy offers a stable trimer system without intercalation route and might be amenable for a possible 
B. Alloy of WS 2 -MoS 2 :
In this case, the alloy composition (i.e. 50%) is homogeneous in most of the regions probed and no variation in structural modulation is observed unlike MoS 2 -ReS 2 alloy system except few areas where the deviation in modulation is observed probably due to slight variation in composition. This is due to good mixing between W and Re atoms as they are next to each other in the Periodic This is exactly similar to the 50% ReS 2 -MoS 2 alloy system described earlier with alternating layer of W and Re atoms as indicated in Fig. 5 (a) . This gives strong superlattice spots in the FFT image which corresponds to the parallel planes containing mono-type atoms [ Fig. 5 (b) ].
This is a quasi two dimensional system and the geometrical parameters are given in Table 3 in supplementary which are slightly different compared to the All the 1T forms of unmodulated alloys are metallic and expected to have imaginary phonon mode similar to 1T MoS 2 and renders them unstable and undergo 2D Peierls structural modulation [23] . Therefore, for some alloy composition e.g., 25, 50 and 75 at.%, modulated 1T d structural calculation was carried out to investigate the relative stability with respect to its un-modulated and 2H counterparts. One can observe that at ~50 at.% alloy composition a structural cross over between 2H to 1T d takes place and the modulated structure is the most stable beyond that composition (see the data for 75 %). Therefore, it can be expected that for this composition range the alloy would be stable in the modulated 1T d form. Experimental results suggest that for MoS 2 -ReS 2 alloy system, the 1T d modulated structure is stable even at 75 at.% in addition to 50 at.%, however, with a trimer type modulation. The initial calculations do not suggest the formation of such structural modulations and defects might be playing a role is stabilizing such structure through electronic charging effect [42] . It will be worth investigating both theoretically and experimentally the electronic property of such alloy superstructure for stable in-plane dipole domain structure for thinnest ferroelectric 15 devices and beyond the scope of the present discussion [23] . Similarly, it will also be worth The relative stability of 1T phase in the SnS 2 -MoS 2 alloy system investigated earlier reported a cross over at ~60 at.% of Sn in MoS 2 lattice and all the alloys are found to be metallic in nature [31] . The modulated 1T d structure corresponding to 50% alloy composition for both the cases is shown in Fig. 6 
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This can be useful as a switch, sensors, and many novel nanoscale electronic devices through metal-semiconductor transition [43, 44] . Though similar possibility exists between structural polytypes i.e. between 2H and 1T/1T d in the family, however, the energy difference is significantly higher i.e. ~ 0.25 to 0.35 eV and only alkali metal intercalation route has been shown to be able to control such structural transitions in a reversible way. This is in contrast to irreversible transitions in SnS 2 -MoS 2 based alloy reported earlier where the similar transition is composition dependent [31] . The reversible metal-semiconducting transitions between H and Tˊ phases of W 0.67 Mo 0.33 Te 2 by charge mediation was also predicted theoretically with the small energy difference between the two structural polytypes [43] .
The nature of valence and conduction band for 50% MoS 2 /WS 2 -ReS 2 alloy cases are briefly Table 2 (Supplementary).
V. Conclusions
In summary, alloy formation, 2H vs. 1T d structural stability and electronic structure between 
